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A number of enzyme reactions involving the polyphosphate chain of nucleoside triphosphates show an absolute requirement for, or a stimulation by, alkali-metal ions. This requirement is usually met by potassium ions, but sodium, rubidium and ammonium ions have been reported to serve in some cases. Examples include fructokinase (Lardy, Parks & Ben-Gershom, 1957) , myosin adenosine triphosphatase (Kielley, Kalckar & Bradley, 1956; Bowen & Kerwin, 1954) , pyruvatekinase (Kachmar & Boyer, 1953) and glutathione synthetase (Snoke, Yanari & Bloch, 1953) . However, the majority of the enzyme-catalysed reactions which involve nucleoside triphosphates have not been tested for an alkali-metal requirement. Unless it is specifically tested for, such a requirement may easily be missed because many reagents, including adenosine triphosphate (ATP), are commonly used in the form of their sodium or potassium salts. It is likely therefore that many more reactions utilizing adenosine triphosphate possess a requirement for alkalimetal ions than are recognized to do so at present.
In a previous paper (Lowenstein, 1958) a nonenzymic transphosphorylation was described which involves the transfer of the terminal phosphate group of adenosine triphosphate to orthophosphate. The products of the reaction are inorganic pyrophosphate and adenosine diphosphate (ADP). The reaction shows an absolute dependence on bivalentmetal ions (M2+): Adenosine triphosphate + orthophosphate > adenosine diphosphate + pyrophosphate. (1) Of those tested, Ca2+, Mn2+ and Cd2+ ions were the most effective.
The work presented here had two objects: the first was to provide a chemical basis for the alkalimetal requirement of enzyme-catalysed transphosphorylations. The second was to study variations in the amount of pyrophosphate formed in the nonenzymic reaction. These were observed to occur with reaction mixtures identical in every respect, except that different bases (such as potassium hydroxide, sodium hydroxide and diethanolamine) were used to neutralize the solutions of adenosine triphosphate employed in the experiments. A preliminary account of this work has been given (Lowenstein, 1959) .
EXPERIMENTAL
Materials and reagente Diethanolamine Bait of adenoine triphowphate. The barium salt of adenosine triphosphate (ATP) was obtained from the Sigma Chemical Co., St. Louis, Mo., U.S.A., and from the Nutritional Biochemical Corp., Cleveland, Ohio, U.S.A. Diethanolamine was obtained from the Matheson Co. Inc., Norwood, Ohio, U.S.A., and was purified by distillation under reduced pressure. Dowex-50 resin (8% cross-linked, 200-400 mesh, H+ form) was obtained from The Dow Chemical Co., Midland, Mich., U.S.A. The resin was cycled through the sodium and acid forms, and was washed thoroughly with water before use.
Barium ATP 2 g. was suspended in 6 ml. of water in a 25 ml. beaker. A graduated centrifuge tube was filled with 14 ml. of a 50% (v/v) suspension of Dowex-50 resin (HI form) and the suspension was centrifuged. The volume of the resin was measured and adjusted to 7 ml. by the addition or subtraction of small amounts of resin and repeated centrifuging. When the desired volume of packed resin had been obtained the water was decanted. The following operations were performed on ice or in a cold room. The resin (7 ml.) was added slowly to the suspension of barium ATP with thorough stirring. The ATP dissolved very slowly at first, but, after a certain amount of resin had been added, a point was reached where the characteristic white slurry of barium ATP suddenly disappeared. This was usually accompanied by the conversion of the well-dispersed resin into a sticky mass. The remainder of the resin was added slowly with thorough stirring. After the addition of the resin was complete, stirring was continued for 5 min. The resin was filtered off on a sintered fiunnel and resuspended in 3 ml. of water. The suspension was stirred thoroughly and filtered on a sintered funnel. The washing of the resin was repeated twice more. The combined filtrates were neutralized to pH 3-5 by the addition of diethanolamine. This was most conveniently done by using the liquid base (m.p. 230). A check of the total amount of diethanolamine added was made by weighing out an excess of the base and weighing the remainder at the end of the preparation. The pH was raised at this point to minimize the hydrolysis of ATP in the acid solution obtained from the resin treatment. Residual barium was then precipitated from the solution by the dropwise addition of 2x-H2S04. If the solution became too cloudy to judge the completeness of precipitation it was centrifuged, and the addition of H2SO4 was continued until no further precipitate formed. This point is harder to judge than is the case in, say, the precipitation of barium from solutions of its chloride. It was best to add a drop of H2SO4 to the clear solution and to wait a few minutes to see whether the solution remained clear, before deciding that precipitation of barium was complete. The clear, bariumfree solution was neutralized to pH 9 0 by the addition of diethanolamine, the pH being checked first on indicator papers, and near the desired pH on a meter. The concentration of ATP was determined spectrophotometrically (C260 m,U 15-4 x 103), and was adjusted to the desired value, usually 0-1 M, with water. In a few preparations the concentration of ATP at the end of the preparation was less than 0*1M. In these cases the cold solution of ATP was placed in a round-bottomed flask and some water was removed from the cold solution in a rotary drier. No appreciable breakdown of ATP occurred in the course of this treatment. The concentration of ATP was redetermined and adjusted to the desired value.
Other bases, such as 2-amino-2-hydroxymethylpropane-1:3-diol, can be used in place of diethanolamine in the above method, and a variety of metal-free base salts of ATP can thus be prepared. Analytical methods 'Non-extractable phosphorus'. The analyses for [32P]_ orthophosphate incorporated into the reaction product were described by Lowenstein (1958) . Caesium and tetraalkylammonium salts were found to interfere with the extraction by causing the formation of a yellow precipitate. This tended to cling to the sides of the extraction tubes and to be dispersed in the 2-methylpropan-1-ol (isobutanol) layer, making its removal difficult. The extraction procedure was modified for samples containing caesium or tetra-alkylammonium salts. The reaction was stopped by placing the reaction mixture on a column of Dowex-50 (H' form, 200-400 mesh, 8 % cross-linked) with a resin bed 1 cm. in diameter and 5 cm. high, and not by acidifying the reaction mixture with H2S04. Immediately after the mixture had soaked into the resin the column was washed with 2 x 10 ml. of water. This treatment resulted in the removal of the interfering substances. Measured portions of the combined eluates were then assayed for the amount of [32P]orthophosphate incorporated into the reaction product. RESULTS In order to facilitate comparisons, all reaction rates are expressed as the amount of pyrophosphate formed per millilitre of reaction mixture, irrespective of the actual volume used. All reaction rates quoted approximate closely to being initial rates since the reactions were stopped when they had proceeded 4 % or less. The course of the reaction with time was demonstrated previously (Lowenstein, 1958) .
Stimulation of transphosphorylation by potassium ion8. The effect of 0 1 m-KCI on the rate of transphosphorylation is shown in Table 1 . The results show that the stimulating effect can be considerable (100 %), and that it is not an analytical artifact. An ATP/Mn2+ ion ratio of 1-11 was used in this experiment. The importance of the ATP/bivalent metal ratio in relation to the magnitude of the stimulation by alkali-metal ions is indicated later.
Effect of the concentration of potassium ions on transphosphorylation. The influence of the KCI concentration on the rate of transphosphorylation is shown in Fig. 1 and tetramethylammonium chloride at the concentrations indicated. Final volume was 500 1.; temp., 380; time of incubation, 3 hr. 0, K+ ion alone; 0, tetramethylammonium ion alone; A, tetramethylammonium ion as indicated plus 0-021M-K+ ion; [J, tetramethylammonium ion as indicated plus 0-1M-K+ ion. All analyses in this experiment involved the Dowex-50-column step described in the Experimental section.
Vol. 75 271 J. M. LOWENSTEIN effect is ruled out by the experiment shown in Fig. 2 . Tetramethylammonium chloride has virtually no effect on the alkali-metal-free reaction mixture over the concentration range 0-02M. Potassium chloride shows the usual stimulating effect. The results obtained with mixtures of the two salts indicate that tetramethylammonium chloride may shift the effect of KCI slightly.
Alkali-metal timulation in relation to the adenosine triphosphate/Mn2+ ion ratio. Fig. 3 
DISCUSSION
The results reported here demonstrate that alkalimetal ions stimulate the non-enzymic-transphosphorylation reaction from ATP to orthophosphate (equation 1) . The most striking aspect of this stimulation is the observation that the effect of K+ ions is exceptionally large compared with that 0 "20 40 60
Concn. of MnCI2 (lumoles/ml.) Table 2 ). The alkalimetal ions do not act simply by substituting for or satisfying the requirement for bivalent-metal ions. This is demonstrated in Table 1 and in Fig. 3 , which show the bivalent-metal requirement to be absolute even in the presence of 01 M-alkali-metal ions.
In a previous paper (Lowenstein, 1958 ) the catalytic action of bivalent-metal ionswas accounted for as follows: two of the negative charges of the polyphosphate chain of ATP are neutralized by chelation with the bivalent-metal ion. This greatly increases the probability of the attack on ATP by anions which would otherwise tend to be repelled. Chelation of the attacking agent to the ATPbivalent-metal complex can further facilitate the phosphate-transfer reaction. The probability of successful attack on ATP by neutral nucleophilic agents is also increased, since chelation with the bivalent metal increases the electrophilic character of the phosphorus atom. The structures of a number of ATP-bivalent-metal complexes were discussed by Liebecq & Jacquemotte-Louis (1958) and by Lowenstein (1958) .
The simplest hypothesis to account for the effects described in this paper is that the alkalimetal ions exert their effect by neutralizing the negative charges on the polyphosphate chain of ATP which remain after the latter has combined with one bivalent-metal ion. According to this postulate, Li+ ion would be expected to be the most effective ion because it possesses the smallest ionic radius of the univalent ions which were tested. Li' ion is indeed more effective than KE ion at high ATP/Mn2+ ion ratios . But this simple postulate is inadequate to account for the different stimulating effects observed with different alkali metals at ATP/Mn2+ ion ratios in the region of 1 (Table 2; .
The available measurements of the stability constants of alkali metals with ATP provide no clue to the specificity of the stimulating effect of K+ ions. Melchior (1954) found the stability constants for sodium ATP and potassium ATP to be the sam-e (K, 10), although Alberty & Smith (1956) found slight differences (KK+, 115; KNa+, 14. 3).
The observed effects may be accounted for in terms of the formation of complexes in which an alkali-metal ion as well as the bivalent-metal ion is chelated to ATP. A diagram of such a chelate is shown in Fig. 6a . It is proposed that the different stimulating effects reported here can be accounted for in terms of different modifications which each type of alkali-metal ion makes to the structure of the ATP-bivalent-metal chelate. The relative specificity of potassium may be because the chargeionic radius relationship of the K+ ion is such as to make its chelate with (ATP-bivalent metal)2-more active than that of the other alkali metals. Part of the observed effects must, however, be due to a simple neutralization of the remaining charges of ATP without chelation of the univalent ion, that is by ion-pair formation. This follows firstly because the NH4+ ion, which has no vacant coordination points available, also has a stimulating effect. Compared with potassium this amounts to about one-third under the experimental conditions used in Table 2 . Secondly, the chelate shown in Fig. 6 (a) still possesses one negative charge. If this charge is also neutralized by a second alkalimetal ion this process would involve only ion-pair attraction, there being no possibility of the formnation of five-or six-membered chelate rings with other oxygens of the polyphosphate chain. Fig. 3 shows that the much larger tetra-alkylammonium ion does not stimulate the reaction, and indicates that the ion-pair effect varies with the size of the cation. The magnitude of the ion-pair effect for different alkali-metal ions cannot, however, be estimated from the data presented here.
The ATP chelate shown in Fig. 6 (a) is not the only structure of its type which can be written, The possibility of position isomerism clearly exists. Thus the bivalent metal may also span the a-and ,-phosphates of ATP, as was discussed previously (Lowenstein, 1958) , and the position(s) occupied by the alkali-metal ion(s) would then also be different. Moreover, the chelate shown in Fig. 6 (a) does not have a planar structure. Fig. 6 (b It was pointed out that such differences in the shape of the ATP molecule could profoundly affect the rate of enzyme-catalysed reactions. The non-enzymic reaction described here has an absolute requirement for a bivalent-metal ion, and shows a selective stimulation by K+ and Rb+ ions. This implies that in the alkali-metal-stimulated reaction the active complex contains at least two metal ions, and that its structure differs from those described by Melchior (1954) . In close analogy, most or all enzyme-catalysed-transphosphorylation reactions from ATP show an absolute requirement for a bivalent metal. A number of such reactions show a selective stimulation by univalent cations, and here the active complex must also involve at least two metal ions. The structures proposed by Melchior (1954) are therefore also insufficient to account for the alkali-metal-ion stimulation of enzyme-catalysedtransphosphorylationsfromATP. No complex-formation between the 6-amino group of adenine and the co-ordination points left vacant on the metal is indicated in Fig. 6 . The balance of the evidence available at present (e.g. Spicer, 1952; Martell & Schwarzenbach, 1956 ) is against such an interaction. A similar interaction with the heterocyclic-ring system cannot be ruled out, but metals such as magnesium, calcium and potassium, which are involved in chelate formation with ATP in the cell, show a strong preference for chelating with oxygen as compared with nitrogen (Sidgwick, 1941) .
SUMMARY

